Introduction
Within the bone marrow, hematopoietic stem cells reside in microenvironments called the stem cell 'niches' which control the hallmark of stem cells, their self-renewal, and shelter them from several external influences. 1, 2 Two different niches have been identified in the bone marrow, namely the endosteal stem cell niche at the endosteum of bone 3 and, more recently, the vascular niche in close proximity to the blood vessels. 4, 5 The major cellular component of the endosteal stem cell niche is the osteoblast, which also synthesizes and secretes the specialized extracellular matrix of the niche. 6 Hematopoietic stem cells can interact with the cellular and non-cellular components of the niche via integrins, which are cell surface receptors for both extracellular matrix molecules and membrane-bound adhesion molecules. 7 The integrins are heterodimeric transmembrane molecules consisting of non-covalently linked α and β chains. 8 Integrins can be subdivided into subfamilies on the basis of their β chains, the β1-subfamily being the largest with twelve members (α1-α11 and αv). 9 Although the different β1 integrin receptors perform common functions such as cell attachment and cell survival and can share identical ligands, each member nevertheless seems to be highly specific, since mice carrying gene deletions of the different integrin α chains show different and often non-overlapping phenotypes. [10] [11] [12] In the human hematopoietic system, the integrin chains α4, α5 and α6 are expressed by hematopoietic stem and progenitor cells (HSPC), whereas the α1-α3 chains have not been detected on these cells. [13] [14] [15] Both α4 and α6 integrins are functionally involved in stem cell homing. 16 Whether the integrin α7-α11 chains are also prominently expressed on the cell surface of human HSPC has not been studied in detail. The present study now provides evidence that the integrin α9β1 is also a cellular receptor directly involved in hematopoietic stem cell functions.
The integrin α9β1 is strongly expressed by airway epithelial cells, and α9-integrin-chain-deficient mice die shortly after birth due to respiratory failure. 17, 18 Strong expression of α9β1 integrin is also found on hepatocytes and on different types of muscle cells. 17 In the hematopoietic system, α9β1 integrin is highly expressed on neutrophils. There it plays a critical role not only in neutrophil migration but also during development of the granulocytes. 19, 20 Several ligands from both the extracellular matrix and the cell surface have been identified for α9β1, including tenascin-C, osteopontin, vascular cell adhesion molecule-1 (VCAM-1) and several membrane-bound proteins of the ADAM (a disintegrin and metalloprotease) family. 19, [21] [22] [23] Interestingly, human osteoblasts synthesize all these α9β1 ligands 6 (T. Schreiber, C. Steinl and G. Klein, unpublished observations) .
In the present study we analyzed different functional aspects of integrin α9β1 on purified human CD34 + and CD133 + cells (HSPC) which mainly represent an enriched cell population of progenitor cells, but also contain hematopoietic stem cells. Cell-cell and cell-matrix adhesive interactions were studied with HSPC and osteoblasts or with isolated extracellular matrix components and cell adhesion molecules in the presence of function-blocking antibodies against α9β1 integrin. An influence of α9β1 on HSPC proliferation and differentiation was determined in short-term proliferation assays and in colony formation assays, respectively. All these studies provided strong evidence that the integrin α9β1 plays a crucial role in the development of hematopoietic stem cells in their niche.
Design and Methods

Isolation of hematopoietic stem and progenitors cells and primary osteoblasts
Human CD34
+ and CD133 + HSPC were isolated from umbilical cord blood or bone marrow aspirates which were obtained from the Department of Gynecology and Obstetrics (University Clinic Tübingen, UKT) according to the guidelines of the local ethics committee. Umbilical cord blood and bone marrow mononuclear cells were prepared using Percoll (1.077 g/mL) density gradient separation. The mononuclear cell populations were magnetically labeled with anti-CD34-or anti-CD133-conjugated microbeads according to the manufacturer's instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). For magnetic enrichment the automated magnetic activated cell separation unit (AutoMACS, Miltenyi Biotec) was used in the special double-positive separation mode (PosselD2).
Bone waste from endoprosthesis surgery was used to isolate human primary osteoblasts. Bone waste was obtained after written consent from the patients and approval by the local ethics committee of the Department of Orthopedic Surgery (UKT). The bones were mechanically minced and incubated in 1500 U/mL collagenase type XI (Sigma, Taufkirchen, Germany) and 2.4 U/mL dispase (Roche, Mannheim, Germany) for 1 h at 37°C with gentle agitation. The supernatant was discarded. After washing with phosphate-buffered saline (PBS), the bone fragments were incubated with collagenase for 3 h at 37°C with gentle agitation and subjected to two more washing steps with PBS. The isolated cells were then transferred together with the bone fragments into cell culture flasks. The cells were cultured in Dulbecco's modified Eagle's medium (4.5 g/L glucose, L-Gln) supplemented with 20% heat-inactivated fetal calf serum, 2% minimum essential medium vitamin solution, 1% fungizone (Invitrogen, Karlsruhe, Germany), 50 µg/mL ascorbic acid and 1.4 mM β-glycerophosphate (Sigma) based on the recently published protocol for osteogenic medium. 24 Osteoblasts were routinely tested for osteogenic marker genes such as osteopontin, osteocalcin, RUNX2, bone sialoprotein, collagen type I α 2, osteonectin and alkaline phosphatase using quantitative reverse transcriptase polymerase chain reaction (RT-PCR). Protein expression of osteopontin, alkaline phosphatase and RUNX2 was evaluated by immunofluorescence staining. Cells were used in between passage one to five with the maximum being five passages.
Extracellular matrix proteins and antibodies
His-tagged human recombinant osteopontin and VCAM-1 were purchased from R&D Systems (Wiesbaden, Germany). Purified human tenascin-C was obtained from Millipore (Schwalbach, Germany). Monoclonal antibodies against the human integrin α9 chain (clone Y9A2), the integrin β1 chain (CD29; clone 4B4) and VCAM-1 (clone BBIG-V1) were purchased from AbD Serotec (Düsseldorf, Germany), Beckman Coulter (Krefeld, Germany), and R&D Systems, respectively. The antibody W6/32.HL, which recognizes an epitope of the heavy chain of MHC class I antigens, was used as a control antibody. 
Reverse-transcriptase polymerase chain reaction analysis
Total RNA from highly purified CD34 + or CD133 + HSPC and from primary human osteoblasts was isolated according to the manufacturer's protocol using the RNeasy total RNA kit (Qiagen, Hilden, Germany). Further purification was achieved by DNaseI digestion (Qiagen).
For RT-PCR analysis, 1 µg total RNA was used for firststrand cDNA synthesis using oligo-dT primers and the SuperScript III First-Strand synthesis system (Invitrogen). The PCR assay was performed using AmpliTaq DNA polymerase (Roche Applied Biosystems). cDNA quality was checked by PCR of the housekeeping gene β-actin. Primer pairs for the integrin α7-α11 chains (Table 1) were selected according to the sequences published in the GenBank database. After denaturation of cDNA at 95°C for 5 min, temperature cycling (35 cycles) was performed as follows: a denaturation step at 95°C for 45 seconds, a 40-second annealing step at 56°C and a 60-second elongation step at 72°C. Temperature cycling was concluded with a final elongation step for 10 min at 72°C. Products were analyzed by agarose gel electrophoresis and visualized by ethidium bromide staining under ultraviolet light.
Flow cytometry analysis and isolation of lineage-negative cells
Expression of integrin chains on human HSPC was studied by dual color flow cytometry analysis. Lineagenegative cells were purified from leukocytes of umbilical cord blood or bone marrow aspirates with the Lineage Cell Depletion Kit (Miltenyi Biotec) according to the manufacturer's instructions. Lineage-negative cells were labeled with the individual antibodies as described recently. 26 
Cell adhesion assays
Cell adhesion to extracellular matrix proteins or to the recombinant cell adhesion molecule VCAM-1 was carried out as described previously. 27 Briefly, the extracellular matrix molecules or VCAM-1 were immobilized on plastic dishes by air-drying at room temperature before 1.0 µL of the appropriate solution (tenascin-C, osteopontin or VCAM-1) was spotted onto the dishes. Unless otherwise stated, 1.0 µg was used for each spot. Non-specific binding of MACS-sorted CD34 + cells to the plastic dishes was prevented by pre-incubation with 1% bovine serum albumin/PBS. Then the CD34 + cells were allowed to attach for 1 h in serum-free medium (supplemented with 1 mM CaCl2, 1 mM MgCl2, 50 µM MnCl2). Non-adherent cells were removed by gently rinsing the dishes with prewarmed PBS. Specific cell adhesion was evaluated under a Zeiss Axiovert microscope. Photographs of representative fields were taken.
For the quantitative determination of adhesive cell-cell interactions, primary osteoblasts were seeded in 48-well plates and grown for 72 h to confluency. Then, 1×10 The cell-cell adhesion assays were carried out in triplicate. After quantification, CD34
+ cells attached to primary osteoblasts were fixed and stained with 0.1% crystal violet to visualize cell adhesion of the CD34 + cells under a Zeiss Axiovert light microscope. Photographs of representative fields were taken.
Cell proliferation assay
Ten thousand purified CD34 + progenitor cells were incubated with antibodies against the integrin α9 chain, the W6/32.HL control antibody or PBS in serum-free expansion medium (Stem Cell Technologies, Vancouver, British Columbia, Canada) containing the recombinant human cytokines Flt-3 ligand, stem cell factor (100 ng/mL each), interleukin-3, and interleukin-6 (20 ng/mL each) for 1 to 4 days in a 96-well plate at 37°C. For kinetic studies, cells were harvested after 24, 48, 72 or 96 h. Thereafter, cell proliferation was measured with the CyQuant Cell Proliferation Assay (Invitrogen) according to the manufacturer's instructions. Briefly, cells were centrifuged and the medium was removed. After being frozen overnight at -70°C, the lysed cells were thawed at room temperature, and 200 µL lysis buffer containing the DNA-binding CyQuant dye were added to each well. Fluorescence was measured after 5 min at 485-nm excitation wavelength and 538-nm emission wavelength with the Fluoroskan Ascent reader (Thermo Scientific). All assays were performed in duplicate.
Colony-forming assay
To analyze the influence of integrin α9β1 on the proliferation and differentiation of hematopoietic progenitor cells, colony-forming assays were performed in the presence of the monoclonal antibody Y9A2. The MACS-isolated CD34 + cells (1.6×10
3 ) were pre-incubated with 5 µg of anti-integrin α9 or W6/32.HL control antibodies in 100 µL Iscove's modified Dulbecco's medium supplemented with 2% fetal bovine serum (Stem Cell Technologies) for 30 min at room temperature. As a positive control, CD34 + cells were incubated without the addition of antibodies. Cell suspensions were added to 1 mL methylcellulose medium containing recombinant stem cell factor, granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin-3, and erythropoietin (MethoCult H4434, Stem Cell Technologies). Cells plated in triplicate on 35-mm Petri dishes were cultured in a fully humidified atmosphere with 5% CO2 at 37°C for 14 days. Cell aggregates containing more than 50 cells were scored as single colonies using an inverted microscope (Axiovert 135; Zeiss, Oberkochen, Germany). Burst-forming unit erythrocyte (BFU-E) and colony-forming unit-granulocyte/macrophage (CFU-GM) colonies were counted on the basis of morphological criteria.
Statistics
Data are presented as means ± standard error (SE) unless otherwise stated. Differences between groups were analyzed using Student's t test. Differences for which the p value was less than 0.05 were considered statistically significant.
Results
Expression of integrin α α9β β1 on human hematopoietic stem and progenitor cells
To study the expression of the integrin subunits α7-α11, which has not been described so far in the context of the hematopoietic stem cell niche, we performed RT-PCR analyses with RNA isolated from purified CD34 + and CD133 + umbilical cord blood cells and from human primary osteoblasts. We used CD133
+ cells in addition to CD34 + cells because the CD133 antigen defines an earlier stem and progenitor cell population than that defined by CD34. The mRNA of the integrin α7 and α9 chains could be detected in samples of isolated CD34 + and CD133 + cells ( Figure 1A, B) . In contrast, mRNA of all investigated integrin α chains could be found in human primary osteoblasts ( Figure 1C) .
The expression of the integrin α9 subunit on hematopoietic cells was analyzed in more detail by flow cytometry. To obtain untouched cells, we purified umbilical cord blood or bone marrow cells for lineage-negative cells. We found that 99% of the lineage-negative bone marrow cells that expressed the HSPC marker CD133 also expressed the integrin α9 subunit on their surface (Figure 2A) . Similarly, lineage-negative CD133 + cells isolated from umbilical cord blood were 99% positive for integrin α9 ( Figure 2B) . Analogously, 99.7% of all lineage-negative cells also expressed the integrin β1 chain which is the only known β subunit linked to the α9 chain. Similar data were obtained for CD34 + HSPC (data not shown).
Involvement of integrin α α9β β1 in hematopoietic stem and progenitor cell adhesion
Integrin α9β1 is known to mediate cell-cell and cellmatrix interactions. To investigate these events in a simplified model of the hematopoietic stem cell niche, we performed cell adhesion assays using human primary osteoblasts and purified CD34 + HSPC. Adhesion of the hematopoietic cells to osteoblasts was analyzed either visually or by labeling HSPC with the fluorescent substrate BCECF-AM, followed by a spectrofluorometric read-out. Figure 3A shows an example of how HSPC attach to primary osteoblasts in the presence or absence of antibodies. Pre-incubation of HSPC with anti-integrin α9 antibodies led to a significant decrease in the number of cells bound to osteoblasts. This effect was even more pronounced when anti-integrin β1 antibodies were used ( Figure 3A) . A quantification of the effect of the anti-integrin α9 antibody revealed a 60% decrease in binding in comparison to that occurring in the presence of the control antibody W6/32.HL directed against MHC-class I molecules ( Figure 3B ). The control antibody did not lead to a statistically significant reduction in cell binding compared to the control without antibody treatment ( Figure  3B) . These results suggest a potential role for integrin α9β1 in the control of HSPC adhesion within the hematopoietic stem cell niche. To define the binding partner(s) for integrin α9 in cell adhesion between osteoblasts and HSPC we used recombinant or purified integrin α9 substrates, which are known to be expressed by human osteoblasts. HSPC were able to bind to recombinant VCAM-1 and purified tenascin-C (Figure 4) . However, cell binding to VCAM-1 or tenascin-C was not inhibited by anti-integrin α9 antibodies or the control antibodies W6/32.HL, suggesting the involvement of additional receptors besides integrin α9 for VCAM-1 and tenascin-C binding. Astonishingly, we observed no cell binding of CD34 + HSPC to either recombinant osteopontin ( Figure  4) , which is also a specific ligand for α9β1 integrin, or to the thrombin-digested osteopontin (data not shown).
Integrin α α9β β1-mediated inhibition of hematopoietic stem and progenitor cell proliferation and differentiation
Besides being involved in cell adhesion, integrins can also influence cell proliferation and differentiation, both crucial events in the fate of HSPC. Cell proliferation was investigated by culturing HSPC for 4 days in serum-free expansion medium containing stem-cell factor, Flt-3 ligand, interleukin-3 and interleukin-6. Without antibodies, HSPC proliferated effectively in this medium ( Figure 5A The lymphocyte-containing fraction of lineage-negative cells isolated from human bone marrow was selected for further analysis (left); 36.5% of these selected cells expressed both CD133 and the integrin α9 chain, whereas only 0.4% expressed CD133 but not integrin α9, indicating that >98.5% of the CD133 + cells in the lymphocyte-containing fraction expressed the integrin α9 chain (right). (B) An analysis similar to that shown for bone marrow cells was also performed for human umbilical cord blood cells; 99% of the CD133 + cells of the lymphocyte-containing fraction expressed the integrin α9 (left), and analogously, 99.7% also expressed the integrin β1 chain (right). However, incubation of cells with anti-integrin α9 antibodies almost completely eliminated cell proliferation, with this reaching statistical significance on days 3 and 4. Taken together, these results imply that integrin α9-mediated signaling is important for HSPC proliferation.
As proliferation and differentiation of HSPC can be interconnected processes, we evaluated the differentiation capacity of stem and progenitor cells in the presence of + HSPC to VCAM-1 and the extracellular matrix molecules tenascin-C and osteopontin. MACSisolated CD34 + cells were allowed to attach to immobilized vascular cell adhesion molecule (VCAM-1), tenascin-C (TN-C) and osteopontin (OPN). Strong attachment was observed for VCAM-1 and tenascin-C, but not for osteopontin (dark field illumination, Zeiss Axiovert, magnification x60). Cell adhesion to VCAM-1 and tenascin-C was not inhibited by anti-α9-integrin antibodies (VCAM-1, α-Int-α9 and TN-C, α-Int-α9) or by the control antibody W6/32.HL (α-HL).
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anti-integrin α9 antibodies with colony-forming assays. After 14 days in culture in a semi-solid medium with interleukin-3, stem cell factor, GM-CSF and erythropoietin, isolated CD34 + umbilical cord blood cells incubated with 5 µg anti-integrin α9 antibodies developed significantly fewer colonies than did the control groups ( Figure  6) . Interestingly, the effect on colonies of erythroid progenitors (BFU-E) was slightly greater than that on colonies derived from granulocyte-macrophage progenitors (CFU-GM). Cells that were incubated with W6/32.HL antibodies developed normally, indicating that an antibody nonspecific effect on colony inhibition can be excluded. These results suggest an important influence of integrin α9 on HSPC development.
Discussion
The integrins α4β1 and α6β1 are known to play fundamental roles in hematopoietic stem cell migration, homing and engraftment. 28, 29 Our current study demonstrates that another member of the integrin β1-subfamily, the integrin α9β1, is also very important for HSPC biology. The integrin α9β1 can be detected on almost all early CD133 + HSPC. Adhesive interactions of HSPC with osteoblasts, the major cell type of the endosteal stem cell niche, are at least partially dependent on α9β1, although the ligand(s) responsible have not yet been identified. Furthermore, α9β1 is not only involved in adhesive interactions, but also in signal transduction in HSPC. Shortterm proliferation and differentiation of CD34 + HSPC are drastically impaired by a function-blocking antibody against α9β1, indicating that this integrin has a crucial role in the maintenance of the hematopoietic stem cell pool.
Recent findings by Jaatinen and co-workers, 30 who detected integrin α9 chain transcripts in a microarray analysis of human CD133
+ cord blood cells, are consistent with the results of our own RT-PCR expression study of α9 on CD34 + and CD133 + HSPC. The present flow cytometry analysis of CD133 + cells isolated from bone marrow aspirates or from umbilical cord blood revealed that both the HSPC in the bone marrow microenvironment and the circulating HSPC in umbilical cord blood express the integrin α9β1. Thus, a down-regulation of α9β1 on HSPC does not seem to be necessary for the egress of stem and progenitor cells from the bone marrow into the circulation. Several adhesive ligands, including tenascin-C, osteopontin and VCAM-1, which are all synthesized by human osteoblasts [31] [32] [33] (T. Schreiber, C. Steinl and G. Klein, unpublished data) , have been identified for the cell adhesion receptor α9β1 integrin. The α9β1 + HSPC adhered strongly to VCAM-1 and tenascin-C in an in vitro cell adhesion assay, but, surprisingly, these interactions could not be blocked by the anti-integrin α9β1 antibody Y9A2. These results do not necessarily rule out an adhesive functional role for α9β1 on HSPC, but suggest that other adhesive receptors expressed on HSPC, such as α4β1, can compensate for the functional inactivation of α9β1. Interestingly, α9β1 + HSPC did not bind to recombinant osteopontin in the in vitro adhesion assay. Even thrombin-cleaved osteopontin, which exposes an NH2-terminal fragment normally recognized by α9β1 in vitro, 22 was not an adhesive ligand for isolated HSPC. Although the function-blocking antibody Y9A2 did not interfere with binding of HSPC to VCAM-1 or tenascin-C, the antibody efficiently blocked cell-cell interactions between HSPC and primary osteoblasts. Since human osteoblasts synthesize and express VCAM-1 and tenascin-C, 31, 33 other ligands for α9β1 on HSPC such as ADAM proteases, thrombospondin-1 or fibulin-5 might be responsible for the observed α9β1-mediated adhesion. 23, 34, 35 On the other hand, α9β1 is also expressed by human osteoblasts and could, therefore, interact with adhesive ligands present on HSPC.
It has been shown that α9β1 has a permissive role in a granulocyte colony-stimulating factor (G-CSF)-receptormediated signaling pathway during granulocyte development. 20 This is also reflected by the fact that α9-deficient mice exhibit defective granulopoiesis with impaired differentiation of bone marrow precursors into mature granulocytes. 20 On early HSPC an α9-mediated G-CSF signaling pathway cannot be involved, since HSPC do not express the G-CSF receptor. 36 Signal transduction mediated by the α9β1 integrin, however, must also occur on HSPC because the antibody Y9A2 efficiently blocked HSPC proliferation and differentiation. The mechanism by which the antibody inhibits both HSPC responses is still unresolved. It is possible that the antibody directly blocks the signaling event, or it may mimic the natural ligand(s). Osteopontin is just such a natural hematopoietic stem cell niche component which can regulate the number of primitive HSPC by suppressing HSPC proliferation. 37, 38 Although human CD34 + -isolated HSPC did not attach to osteopontin, they may nevertheless interact with this extracellular matrix component via α9β1 to control HSPC numbers. This hypothesis is supported by kinetic studies with CD34
+ cells in the presence of the antibody Y9A2 which showed a more or less equal number of HSPC, but no decrease, during the 4-day incubation period.
In the cell differentiation assay with CD34 + cells the antibody Y9A2 not only affected the formation of CFU-GM as expected, but also the formation of erythroid colonies (BFU-E). In α9-deficient mice, however, an obvious defect in the development of erythrocytes has not been reported. 20 In summary, we have identified α9β1 integrin as a new member of the integrin β1-subfamily which is strongly involved in human hematopoietic stem cell development in the bone marrow stem cell niche. It remains to be shown whether the integrin α9, whose cDNA sequence is more than 40% identical to the integrin α4 sequence, is redundant with α4β1 in stem cell mobilization since both integrins share common ligands such as VCAM-1 and fibronectin. 19 For HSPC proliferation, however, the integrin α9β1 seems to play an independent and unique role.
Authorship and Disclosures
TDS: collection and/or assembly of data, data analysis and interpretation; manuscript writing. CS: collection and/or assembly of data, data analysis and interpretation. ME: collection and/or assembly of data, data analysis and interpretation. HA: provision of study material. KG: collection and/or assembly of data, data analysis and interpretation. CAM: data analysis and interpretation. WKA: provision of study material or patients, data analysis and interpretation. GK: conception and design of the study, data analysis and interpretation, manuscript writing. The authors report no potential conflicts of interest.
